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ABSTRACT
We use aK-selected (22.5< KAB< 24.0) sample of dwarf galaxies (8.4< log(M∗/M⊙) <
10) at 0.89<z<1.15 in theChandra Deep Field South (CDFS) to measure their contribution to
the global star-formation rate density (SFRD), as inferredfrom their [OII] flux. By comparing
with [OII]-based studies of higher stellar mass galaxies, we robustly measure a turnover in
the [OII] luminosity density at a stellar mass ofM ∼ 10

10M⊙. By comparison with the
[OII]-based SFRD measured from theSloan Digital Sky Survey we confirm that, while the
SFRD of the lowest-mass galaxies changes very little with time, the SFRD of more massive
galaxies evolves strongly, such that they dominate the SFRDat z = 1.
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1 INTRODUCTION

Remarkable progress has been made over the last ten years in
putting together an increasingly detailed picture of galaxy evolution
sincez < 4. In particular, having established with some accuracy
the star-formation history of the Universe (e.g. Lilly et al. 1996;
Hopkins & Beacom 2006; Reddy et al. 2008), the next objectiveis
to establish how these stars were assembled over time (e.g. Dick-
inson et al. 2003; Conselice et al. 2007; Bell et al. 2007; Cowie &
Barger 2008; Marchesini et al. 2008). This mass-assembly history
is, in principle, an observable quantity that can provide a robust,
direct constraint on theoretical models (e.g., Bower et al.2006).

One of the most generic predictions of all galaxy formation
models is that the total mass in the Universe, dominated by cold
dark matter (CDM, Blumenthal et al. 1984), assembles by building
up progressively larger structures with time (e.g. White & Frenk
1991). Observations have long shown that the most massive galax-
ies today actually have theoldest stellar populations (e.g. Gallagher
et al. 1984; Bower et al. 1992; van Dokkum et al. 1998; Nelan et
al. 2005; Smith et al. 2008; Rettura et al. 2008), but this alone does
not pose much difficulty for theory if these massive galaxieswere
assembled early from smaller lumps of matter in which stellar pop-

⋆ Email: dgilbank@astro.uwaterloo.ca

ulations were already established. More puzzling have beendirect
observations of high-redshift galaxies, which show that the major-
ity of massive galaxies were already in place byz = 1, and that
they stopped forming new stars sooner than galaxies of lowermass
(Cowie et al. 1996, Juneau et al. 2005 (hereafter J05), Fontana et al.
2004, Bundy et al. 2006, Mobasher et al. 2008, Taylor et al. 2008).

Thus, it is of key interest to obtain a direct measurement of
star-formation rate as a function of stellar mass in galaxies at differ-
ent redshifts. To date, high-redshift measurements have been lim-
ited to the most massive or the most highly-star forming galax-
ies. Recent near-infrared selected spectroscopic surveyssuch as
the Gemini Deep Deep Survey (GDDS, Abraham et al. 2004) and
K20 (Fontana et al. 2004) have pushed as deep asKAB ≃ 22.5.
These are desirable as theK-band allows a clean selection to be
made on approximate stellar mass out to high-redshifts, andstel-
lar mass is a relatively robust quantity to compare with simulations
(e.g. Marchesini et al. 2008). GDDS and K20 select> 1011M⊙

(stellar mass) galaxies toz ≃ 2 and> 1010M⊙ galaxies atz ≃ 1.
Spectroscopic surveys serve to provide accurate redshiftsand also
to measure fluxes in nebular lines such as [OII] and Hα which can
be used to estimate star-formation rates. However, spectroscopy is
generally not attempted for fainter continuum objects due to the
much longer integration times required to assemble a large sample
of objects. This results in a major limitation to earlier work such
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as J05 — the low mass bins at high-redshifts are grossly incom-
plete, even though this is a relatively deep survey. Other spectro-
scopic works such as the Deep Extragalactic Evolutionary Probe
(DEEP2, Davis et al. 2003, Willmer et al. 2006) and VIRMOS-
VLT deep survey (VVDS, Le Fevre et al. 2003) are even shallower
and only probe the most massive systems. The only studies of star-
formation in high-redshift, low-mass systems either rely on pho-
tometric redshifts without spectral information (e.g. theGreat Ob-
servatories Origins Deep Survey, GOODS, Dickinson et al. 2003
and the MUltiwavelength Survey by Yale-Chile, MUSYC Taylor
et al. 2008) or use random Gamma Ray Burst events to select the
spectroscopic targets (Savaglio et al. 2008). Thus, it is still an open
question whether low mass galaxies have always had high SFRs
compared with their higher mass counterparts (as observed locally),
or whether the bulk of star-formation has actually progressed from
high mass systems to low mass systems with increasing cosmic
time.

In this Letter we report the first results from the ‘Redshift One
LDSS-3 Emission line Survey’ (ROLES) which utilises a novelap-
proach to obtain a census of the star-formation rates in z∼1 galaxies
an order of magnitude lower in stellar mass than previously stud-
ied with spectroscopic techniques. The availability of [OII] obser-
vations locally down to equivalently low stellar masses, and z∼1
[OII] measurements for higher stellar masses, mean that we can
consistently compare [OII] as a function of redshift and stellar
mass. We adopt a flat cosmology with (H0, Ωm) = (70, 0.3). All
our magnitudes are on the AB system unless otherwise noted, with
KAB = KVega + 1.87.

2 SURVEY DESIGN, OBSERVATIONS AND DATA

ROLES utilises fields with deepK-band imaging and photomet-
ric redshifts in order to pre-select likely low stellar mass(K-faint,
22.5 < K 6 24.0) galaxies at z∼1. We target these objects with
multi-object spectroscopy (MOS) using LDSS-3 on the 6.5-m Mag-
ellan telescope. We use the [OII]λ3727 emission line to both ob-
tain a spectroscopic redshift and to estimate the star-formation rate
(SFR) of each object. In order to increase our observing efficiency
further, we use a custom band-limiting filter spanning 7040Å to
8010Å FWHM. This restricts our wavelength range for observing
[OII] to 0.889< z 6 1.149 and we preferentially target galaxies
with photometric redshifts compatible with this range. With this
approach we will obviously not obtain redshifts for galaxies with-
out emission lines, but these do not contribute to the star-formation
rate density of the Universe. In this way, we can efficiently build
a sample which is stellar mass selected and complete to a given
(unobscured) SFR limit.

We use LDSS-3 in nod-and shuffle (Glazebrook & Bland-
Hawthorn 2001) mode (N&S) to obtain the best possible sky sub-
traction, and typically place∼200 0.8′′wide slits over the∼8.2 ar-
cmin field of view. Total exposure times for each mask are typically
four hours, and here we present results from one of our fields (the
first 491 slits, resulting in 171 redshifts, 64 of which are atz∼1)
from an ongoing project to observe sources in two deep fields.The
flux limit, conservatively set to the depth of our shallowestmask,
can be seen in Fig. 1. Details of our full sample, observing setup and
data reduction will be presented in a forthcoming paper. Thedata
were reduced to 2D spectra using a combination of custom-written

Figure 1. Flux versus wavelength for all detected lines (open circles) and
lines most-likely [OII] detections (filled circles). The solid line is the 4.5σ
flux limit derived from our average noise estimate in the shallowest detec-
tion image.

routines and the COSMOS21 software in a manner standard for
N&S spectroscopy (see also Davies 2008).

3 METHOD

We identify emission line features in the 2D spectra in the fol-
lowing manner. We propagate a detailed estimate of the noiseof
each pixel through our reduction process. We convolve the final
reduced image with a kernel of the typical profile of our emis-
sion lines. We compare local enhancements in the smoothed sig-
nal frame with the expected noise (also making allowance forthe
contribution due to continuum emission) and retain peaks ofmore
then 4.5σ significance (this limit minimises obvious spurious de-
tections, whilst maintaining high completeness, as confirmed by
independent visual inspection). Most of our [OII] detections are
necessarily single line detections (in a few cases [OII] is supported
by [NeIII]λ3869), so we use redshift probability distribution func-
tions (from the FIREWORKS dataset, Wuyts et al. 2008, kindly
provided by S. Wuyts) to identify lines most consistent withbe-
ing [OII]. Comparison with multiple-line redshifts in our own data
(mostly at z∼0.5), and with a few objects in common with public
spectroscopy (Vanzella et al. 2008), shows that this works well. In
most cases, the probability either overwhelmingly favours[OII] or
a different line, and in practice there is little ambiguity.

We measure fluxes for lines identified as [OII] using a simple
rectangular aperture around the peak of the emission in the original
(i.e., unsmoothed) 2D spectrum. Our objects are relativelysmall
compared with the size of the slit and we estimate from ACS im-
ages convolved to our ground-based seeing that we miss no more
than 20% of the light from each galaxy. For flux calibration, we
used spectrophotometric standard stars to correct the shape of the
instrument response. We set the normalisation by comparison with
other flux-calibrated surveys having objects in common withour
sample. We have 13 galaxies with [OII] fluxes in common with the
public ESO spectroscopy of Vanzella et al. (2008), and find a con-
sistent offset (for all three masks) with∼30% scatter when compar-
ing our fluxes with their data (which should be close to total fluxes

1 see http://users.ociw.edu/oemler/COSMOS2/COSMOS2.html.
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Figure 2. [OII] luminosity density,jOII, per log(stellar mass), and the equivalent SFRD under the simple assumptions stated in the text, versus stellar mass
at z ∼ 1. Filled circles show measurements from [OII] only (ROLES and GDDS) and open circles show the SFRD from [OII]+24µm data. The solid curve
shows a quadratic fit for illustrative purposes. Solid and dashed histograms show the local [OII]-derived and total SFRDestimates respectively, using SDSS
data.

for our compact objects). The public fluxes should be reliable for
these objects, as determined from cross-checks against broad-band
photometry for a large sample of continuum objects (E. Vanzella,
priv. comm.). In addition, we have three galaxies in common with
the IMAGES survey (Ravikumar et al. 2007, flux-calibrated spec-
tra kindly provided by H. Flores and C. Ravikumar) and these show
good agreement with the normalisation calculated from the public
ESO spectroscopy.

We show our line detections in Fig. 1. The plot shows the mea-
sured flux and wavelength of each significant line detected. Filled
circles indicate those where the line is identified as [OII] on the ba-
sis of photometric redshift (or multiple emission lines). The solid
line shows a representative flux limit as determined from thetypical
noise spectrum of the shallower of our three masks.

We compute the [OII]-luminosity density (LD) using the
1/Vmax method after correcting for spectroscopic completeness.
Vmax was calculated by estimating the volume over which both the
(k-corrected)K-band magnitude and [OII] flux would be above
our detection limit at each infinitesimal redshift increment.2 For
reference, a galaxy which is visible at all redshifts (from0.889 <
z 6 1.149) in ROLES would be drawn from a volume of3.2×104

Mpc3.
We convert [OII] luminosity to SFR using a simple con-

version (as is commonly used in the literature, e.g., J05), and
explore the uncertainty in this conversion in§4. This uses the
standard SFR(Hα) conversion of Kennicutt (1998) assuming

2 In calculating the [OII] flux limit we used the detailed noisespectrum
shown in Fig. 1. Adopting a constant nominal flux limit instead (i.e. ignor-
ing the volume lost behind individual lines) makes the volume 20% larger.

([OII]/H α)obs = 0.5, AHα = 1 and a Baldry & Glazebrook
(2003) (hereafter BG03) IMF. Throughout this Letter we convert
all SFRs presented to the BG03 IMF. Since we are primarily in-
terested in extending the GDDS results to lower stellar masses, we
adopt exactly their prescription for measuring SFR and discuss sys-
tematic effects with mass in the next section. The faintest [OII] flux
we could record (4.5σ) at the redshift limits of our survey corre-
sponds to SFRs of 0.34–0.74 M⊙yr−1 (assuming one magnitude
of extinction).

We calculate completeness corrections by constructing red-
shift distributions from summing the photometric redshiftprob-
ability distributions (or spectroscopic redshifts, whereavailable)
for each galaxy in the photometric catalogue within the areatar-
geted for spectroscopy. We construct the same sum for the galax-
ies actually targeted for spectroscopy, and the ratio of thelatter to
the former within our redshift limits gives the spectroscopic com-
pleteness. For the data presented here, the overall completeness is
∼60%, with a weakK magnitude dependence falling to∼40% in
the faintest half-magnitude bin.

Stellar masses are estimated from theUBV RIJHKs cata-
logue of Mobasher et al. (2004) (kindly provided by B. Mobasher
and T. Dahlen), using the technique described in Glazebrooket al.
(2004) to fit the SED at the spectroscopic redshift we measure. The
uncertainties associated with the stellar mass fitting are∼0.2 dex
(Glazebrook et al. 2004).

4 RESULTS AND DISCUSSION

Fig. 2 shows our estimate of the [OII]-LD, per logarithmic stel-
lar mass bin in two mass bins. We split our sample of 64 ROLES
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galaxies into these two bins, divided atlog(M∗/M⊙)= 9.2, to give
comparable numbers of galaxies in each bin (24 and 40 in the low
and high mass bins respectively). Our error bars include a contri-
bution from a reasonable calibration uncertainty (30%, theapproxi-
mate scatter from our comparison with the flux measurements from
other surveys).3 To this plot, we add the results of the [OII]-LD
from GDDS data4 (J05) for galaxies of higher stellar mass. The
combination of these two datasets presents a very clear picture of
the mass-dependence of [OII]-LD at this redshift. At a lookback
time of around 8 Gyr, the [OII]-LD of the Universe was dominated
by high stellar mass galaxies, and a turnover in the [OII]-LDoc-
curs atlog(M∗/M⊙)∼10.0. A simple quadratic fit, for illustrative
purposes, would show a peak aroundlog(M∗/M⊙)∼9.5. Convert-
ing the LD to SFRD under our simple model, we measure an inte-
grated SFRD in z∼1 dwarf galaxies (8.4< log(M∗/M⊙)69.8) of
ρSF R = (4.8 ± 1.7) × 10−3 M⊙ yr−1 Mpc−3. For the first time,
we have detected the turnover in the [OII]-LD/SFRD, showingthat
the contribution of lower mass galaxies,<

∼ 109M⊙, declines.
We construct a local comparison sample from SDSS data

by matching the NYU-VAGC (Blanton et al. 2005) sample to
[OII] flux measurements and stellar masses from the Garching
DR4 release5 (Brinchmann et al. 2004), again using the1/Vmax

method. In order to cleanly sample the [OII]λ3727 line, we restrict
the redshift range of the [OII] sample to0.032 < z 6 0.050.
We use the same conversion from [OII]-luminosity to SFR as at
high redshift, and apply an aperture correction to correct for flux
lost outside the fibre using the ratio of theg-band fibre magnitude
to g-band Petrosian magnitude from the imaging data. The local
[OII]-determined SFRD is shown as the solid histogram in Fig. 2.
It is clear that the [OII] SFRD of low mass galaxies at z∼1 is com-
parable to that observed today and that most of the difference is
due to a shift in the turnover from high to low mass galaxies with
increasing cosmic time.

It is well known that the dependence of [OII] luminosity on
the underlying SFR is sensitive to the effects of dust and metallic-
ity (e.g., Jansen et al. 2001). The conversion we adopt has been de-
termined empirically from local values (Kennicutt 1998) for mas-
sive galaxies. It might be expected that the relationship between
[OII] luminosity and SFR evolves over the redshift range from
z∼0–1. Tresse et al. (2002) showed for a modest size sample (30
galaxies) that the ratio of Hα/[OII] remained constant to within
a factor of 2, but with significant uncertainty on the scatter, over
this redshift range. For simplicity, in this Letter we have adopted a
single conversion for all our SFR measurements. It is thus straight-
forward to convert all our measurements back to [OII]-LD and/or
adopt a different SFR calibration, if desired. Given the form of
the mass–metallicity relation (e.g., Savaglio et al. 2005,Cowie &
Barger 2008) and the metallicity dependence of the [OII] luminos-
ity (e.g., Kewley et al. 2004), the systematic error in usinga single
metallicity to estimate [OII]-inferred SFR is that we willunderes-
timate the SFR for high stellar mass (high metallicity) galaxies and

3 We have also estimated a reasonable upper limit based on lowering the
significance threshold for which we accept emission lines toa level which
clearly introduces many false positives. The shift due to this moves the data
up by approximately the plotted 1σ errors. We estimate the effect of cosmic
variance at∼40% (not included in the plotted error bars) using Somerville
et al. (2004) for this density of objects. The full ROLES dataset will allow
us to estimate this from a comparison of different fields.
4 We rebin the data (S. Juneau, priv. comm.) slightly in mass from the
values used in J05, so that the bins are less incomplete.
5 see: http://www.mpa-garching.mpg.de/SDSS/DR4/

overestimate the SFR for low mass (low metallicity) objects. This
only strengthens our result that the SFRD declines towards lower
mass galaxies at z∼1.

Our assumption of constant dust-reddening likely leads to a
similar systematic error. Kewley et al. (2004) showed from alo-
cal galaxy sample that such an assumption leads one to system-
atically underestimate the SFR at high SFRs and overestimate the
SFR at low SFRs. This trend also seems to hold for z>

∼1 galax-
ies (Adelberger & Steidel 2000). Again, the direction of this trend
only strengthens our result of a turnover in the SFRD towardslower
mass galaxies. The effects of dust obscuration can be estimated
by, for example, looking at the luminosity in the mid-IR, where
the emission traces the re-radiated light, due to star-formation, ab-
sorbed by dust. Conselice et al. (2007) used 24µm Spitzer ob-
servations combined with [OII] measurements from DEEP2 opti-
cal spectroscopy, to attempt to correct [OII]-inferred SFRs for the
effects of dust obscuration. Their [OII]+24µm SFRs are shown
as the open diamonds in Fig. 2, and do indeed suggest that the
SFR estimates for high-mass galaxies might be underestimated by
[OII]-only measurements. Correcting observed SFRs to something
approximatingtotal SFRs in this way, it can be seen that such
corrections can be significant, at least for the high mass galaxies
(log(M∗/M⊙)>

∼11) sampled by the Conselice et al. (2007) data.
Deep 24µm data also exist for the CDFS field presented here. Un-
fortunately, since the surface density of our low mass galaxies is
much higher than that of higher mass galaxies, the majority of our
sources are limited by confusion and extracting meaningful24µm
luminosities is likely not possible. SFR estimates using other in-
dicators such as 2000Å flux (and 24µm emission, where possible)
will be presented for ROLES galaxies in a future paper. We note
that a potentially small contamination from AGN may exist inour
data (although none of our galaxies is X-ray detected). Thiswould
also only lower the [OII]-LD in ROLES.

Finally, we overplot the total SFRD (primarily using Hα,
but including mass-dependent extinction and metallicity effects)
measured locally from SDSS data (Brinchmann et al. 2004) in
Fig. 2. The Brinchmann et al. (2004) SFR peak occurs at a
much higher mass than that of the simple [OII]-inferred estimate
(log(M∗/M⊙)∼ 10.5 versuslog(M∗/M⊙)∼ 9.0). Given that the
[OII] SFR traces the Hα SFR, at least on average (Jansen et al.
2001; Tresse et al. 2002), the likely cause of this discrepancy is
the use of a single dust extinction factor for the [OII] estimate.
The individual fits of extinction to each galaxy used by Brinch-
mann et al. (2004) can vary by several magnitudes. Over the rela-
tively small mass range used in ROLES, the dust extinction proba-
bly does not vary systematically by a large amount, but in looking
at the SFRD over a wider mass range (e.g., ROLES+GDDS), the
comparison at low-redshift shows that some care must be taken in
interpreting accurately the position of the peak of the SFRD. In-
deed, as we will show in future work, a relatively simple model for
mass-dependent extinction goes most of the way to reconciling the
z∼0 [OII]-inferred and total SFRDs; however, it is unclear if this
is applicable at z∼1. Given that the conversion from [OII] to total
SFRDs locally can shift the peak by two orders of magnitude in
stellar mass, we are cautious about making quantitative statements
regarding the evolution of the peak of the SFRD, but our result that
the SFRD at z∼1 declines towards the lowest mass galaxies is ro-
bust to any such uncertainties.
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5 CONCLUSIONS

We have presented the first spectroscopic measurement of the
[OII]-LD in dwarf galaxies at z∼1, using the [OII]λ3727 line.
Comparing the [OII]-LD with higher mass galaxies, we find
that the contribution to the [OII]-LD at this redshift is declin-
ing below a mass oflog(M∗/M⊙)∼10. Under the simple as-
sumption of constant dust extinction (as used in J05 and other
works), we convert L([OII]) to SFR and measure a SFRD of
(4.8± 1.7)× 10−3 M⊙ yr−1 Mpc−3 from 64 galaxies with stellar
masses of 8.4< log(M∗/M⊙)69.8. Comparing the z∼1 [OII]-
LD with the local value suggests that the overall SFRD in low
mass (log(M∗/M⊙)<

∼9.5) galaxies has remained roughly constant
over this period, whilst the bulk of the SFRD has shifted fromhigh
mass to low mass galaxies with increasing cosmic time. This is one
manifestation of the picture generally referred to as “downsizing”
(Cowie et al. 1996) of star-formation, although different workers
have different definitions of this (e.g., downsizing could equally
well refer to a shift in the overall normalisation of the SFRD–mass
plot and/or a shift in the position of the peak - we find the latter
here).

These are the first results from the Redshift One LDSS-3
Emission line Survey (ROLES). The entire ROLES dataset for this
redshift range comprises approximately six times as many objects
as presented here and spans two fields to assess the impact of cos-
mic variance. NIR spectroscopic follow-up to obtain Hα SFRs for
many of the galaxies is underway.
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